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(57) ABSTRACT

The present invention provides a light source (2) for light
circuits on a silicon platform (3). A vertical laser cavity is
formed by a gain region (101) arranged between a top mirror
(4) and a bottom grating-mirror (12) in a grating region (11)
in a silicon layer (10) on a substrate. A waveguide (18, 19) for
receiving light from the grating region (11) is formed within
orto be connected to the grating region, and functions as an 5
output coupler for the VCL. Thereby, vertical lasing modes
(16) are coupled to lateral in-plane modes (17, 20) of the
in-plane waveguide formed in the silicon layer, and light can
be provided to e.g. photonic circuits on a SOI or CMOS
substrate in the silicon.
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805, tuning air gap

809, tuning contact 806. movable 804, intra-cavity air gap
grating mirror
808, laser contacts
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HYBRID VERTICAL-CAVITY LASER

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a National Phase Application of PCT
International Patent Application No. PCT/DK2010/050015,
International Filing Date Jan. 22, 2010, which claimed prior-
ity from U.S. Provisional Patent Application No. 61/151,631,
filed Feb. 11, 2009 and European Patent Application No.
09153659.9, filed Feb. 25, 2009, both of which are incorpo-
rated by reference herein.

FIELD OF THE INVENTION

The present invention relates to providing light to photonic
circuits on a silicon platform that is compatible with matured
silicon processing technologies. In particular, the invention
relates to providing light to such circuitry by use of a grating-
mirror vertical-cavity laser.

BACKGROUND OF THE INVENTION

The challenge of integrating small and efficient electrically
pumped light sources in silicon based photonic circuitry is
well known.

Gunn (Photonics Spectra March 2006, pp. 62-67)
described this challenge and proposes a solution where light
is provided from non-integrated external laser sources.
Through an optical fibre, the light is directed to an integrated
holographic lens and thereby coupled to an integrated
waveguide. This approach has the disadvantages that tedious
alignment and subsequent packaging is necessary.

Fang et al. (Optics Express 14, pp. 9203 (2006)) describes
an edge-emitting electrically pumped AlGalnAs-silicon eva-
nescent laser architecture. The architecture is wafer bonded to
a silicon on insulator (SOI) substrate and the laser cavity is
defined solely by a silicon waveguide in the underlying SOI
substrate. While solutions based on edge-emitting lasers pro-
vides easier coupling to photonic circuitry, they have the
disadvantages of relatively high power consumption and non-
intrinsic single mode control.

Hence, an improved way of integrating light sources on
silicon platforms would be advantageous, and in particular a
more efficient and/or reliable ways of providing light to pho-
tonic circuits would be advantageous.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide an alter-
native to the prior art.

In particular, it may be seen as an object of the present
invention to provide a method and a hybrid vertical-cavity
laser (hybrid VCL) structure that solve the above mentioned
problems of the prior art with providing light to photonic
circuits.

Thus, the above described object and several other objects
are intended to be obtained in a first aspect of the invention by
providing a method for making various hybrid VCL structure
on a silicon platform using a bottom grating mirror in the
silicon platform, the method comprising:
providing a layered structure comprising an active region
formed in I1I-V materials and a highly reflective top mirror;
forming a grating region in a silicon layer supported by a layer
with lower refractive index than the silicon layer, the grating
region comprising a one-dimensional (1D) or two-dimen-
sional (2D) periodic refractive index grating formed by sili-
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con layer parts and regions being formed in the silicon layer
and having lower refractive indices than the silicon layer;
forming a waveguide in the silicon layer, the waveguide being
arranged to facilitate lateral out-coupling of light from the
grating region to the waveguide, this may be obtained by
forming the within and/or to be connected to, such as abut-
ting, the grating region; and

arranging the layered structure on the grating region, com-
prising providing a layer with a refractive index lower than
the refractive index of the silicon layer between the layered
structure and the grating region, whereby the periodic refrac-
tive index grating establishes a bottom grating mirror to form
a VCL cavity between the top mirror and the grating region.
The waveguide is preferably laterally oriented with respect to
the VCL cavity and functions as an out-coupling waveguide
for the VCL.

In the following, a number of further aspects, preferred
and/or optional features, elements, examples and implemen-
tations will be described. Features or elements described in
relation to one embodiment or aspect may be combined with
or applied to the other embodiments or aspects where appli-
cable. For example, structural and functional features applied
in relation to the hybrid VCL structure may also be used as
features in relation to the method for hybrid VCL structure by
proper adaptation and vice versa. Also, Explanations of
underlying mechanisms of the invention as realized by the
inventor are presented for explanatory purposes, and should
not be used in ex post facto analysis for deducing the inven-
tion.

The structure comprising the highly reflective top mirror,
the active region and the bottom grating-mirror is referred to
both as a “grating mirror vertical-cavity laser (GMVCL)
structure” and as a VCL structure with, or formed using, a
bottom grating-mirror. Within the meaning of the present
description, these terms have the same meaning. Also, The
layered structure comprising the highly reflective top mirror
and the active region, but without the bottom grating mirror,
is referred to as a “partial VCL structure” or simply the
“layered structure”, depending on the context.

The hybrid VCL structure emits light laterally to the in-
plane waveguide while the vertical-cavity surface-emitting
laser (VCSEL) emits vertically from a mirror surface to the
air. Hence, the hybrid VCL is a structure comprising a top
mirror being highly reflective so as not to function as an
output coupler, an active region formed in III-V materials,
and a silicon-based grating region forming a highly reflective
bottom grating-mirror for creating a VCL cavity with the top
mirror, as well as a laterally oriented waveguide for emission
of light from the VCL cavity to the outer photonic circuit in
the silicon substrate.

An example of a prior art VCSEL using two dimensional
(2D) grating mirrors can be found in e.g. US 2007/0201526.
This structure differs from the present invention in several
ways, one of them being that one of the end mirrors has a
reduced reflectivity in order to function as an output coupler,
making the laser surface emitting. Further, US 2007/0201526
provides no in-plane waveguide structure in the layer holding
the 2D grating structure intended to laterally output light.
None the less, the technology is similar and extensive refer-
ences to VCSEL technology is made throughout the present
description. The invention is thereby also advantageous as it
applies matured VCSEL technologies exhibiting very low
power consumption, eminent single-mode property and
mode control in general. Further, the use of VCSEL technol-
ogy allows for uncomplicated packaging.

It is preferred that the ways of obtaining optical and elec-
trical confinement in the partial VCL structure provide
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relaxed alignment tolerance during the hybridisation, i.e. they
do not rely on the exact positioning of the partial VCL struc-
ture on the bottom grating mirror, or in other words, the
bottom grating mirror does not contribute or play a role in the
obtaining of optical and electrical confinement.

The top mirror is not used as an out-coupling mirror as in
regular top-emission type VCSELs, and therefore has a
higher reflectivity than normal out-coupling mirrors of
VCSELs. It is preferred that the top mirror has a reflectivity as
closeto 100% as possible, e.g., higherthan 99.95% in the case
of absence of doping. The top mirror may be a distributed
Bragg reflector (DBR), a grating mirror, a mixture of these
two, or any other type of reflector. The top mirror can be
epitaxially grown together with the active region, wafer-
bonded to the active region, or deposited on to the active
region, depending on the choice of materials and the method
of obtaining optical and electrical confinements.

The invention applies a grating mirror as the bottom reflec-
tor to establish the VCL cavity and as a router or coupler to
deliver a fraction of incoming light to the in-plane waveguide.
Highly reflective grating mirrors can be categorized into two
types, according to the reflection mechanism. In one type, the
resonance coupling of incident vertically-propagating free-
space modes and laterally-propagating photonic bandgap
(PBG) modes of grating is involved in the reflection process,
while it is not in the other type. Even though both types can
provide a reflectivity close to 100%, only the PBG mode-
involved type can function as both a reflector and a router/
coupler, and is thus the one preferably applied in the present
invention. In this grating mirror type, the light in the incident
free space mode is diffracted in the grating; part of the dif-
fracted light is coupled to the preferably I' (gamma)-point
slow light PBG mode; the light in the PBG mode propagates
laterally in the grating and is coupled back to the free space
mode. This coupling process may result in resonance. In the
absence of the in-plane waveguide within or connected to the
grating mirror, this resonance coupling process can resultin a
reflectivity close to 100%. If an out-coupling waveguide is
formed within and/or to be connected to the grating region,
the PBG mode of the grating can be feasibly coupled to the
waveguide mode; this provides a high routing/coupling effi-
ciency of e.g., about -3 dB which is comparable to the cou-
pling efficiency of a state-of-the-art holographic grating cou-
pler. However, in the other type of grating mirror not
involving PBG modes, the light in the free space mode is
diffracted in the grating but is not as strongly coupled to the
PBG mode; thus, routing efficiency is lower.

The waveguide, also referred to as the in-plane, out-cou-
pling waveguide, is formed in the silicon layer and preferably
comprises a grating waveguide (GWGQ) in the grating region
and an index contrast waveguide (ICWG) outside the grating
region. The GWG is an intermediate waveguide to facilitate
extracting fraction of light from PBG mode to ICWG mode.
By optimizing the topology of GWG and the connecting part
of GWG and ICWG, the routing efficiency can be further
increased higher than -3 dB. It is preferred that the bottom
grating mirror with a lateral waveguide has a reflectivity of
about 99.5% and a routing efficiency of -3 dB. This reflec-
tivity value is comparable to the reflectivity of a vertically
outputting mirror of the regular VCSELs.

The routing function of the grating mirror is quite different
from the coupling function of regular grating couplers. In the
grating mirror of the present invention, a very small fraction
of incident light is routed to the in-plane waveguide while
most of incident light is reflected. For example, 99.5% of the
incident light is reflected while 0.25% is output to the
waveguide, when the grating mirror has a reflectivity of
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99.5% and a routing efficiency of -3 dB. On the contrary, in
a state-of-the-art holographic grating coupler, -3 dB, i.e.,
50% of the incident light is coupled to the waveguide (Pho-
tonics Spectra March 2006, pp. 62-67).

This combination of a highly reflective grating mirror
involving resonance coupling with PBG modes and an in-
plane output coupler in the form of the waveguide formed
within or to be connected to the grating region is new. Most of
seemingly-similar grating structures reported so far, are dif-
ferent from the grating mirror of the present invention in the
aspects of structural shape, function, or reflection process
(involvement of slow light modes). For example:

in US 2007/0153860, 1.-S. Chung et al. (IEEE Photonic.
Tech. Lett. 20, 1041 (2008)), and WO 2005/089098, the
reflection do not involve resonance coupling with slow
light PBG modes;

InUS 2000/6031243, the grating does not work as a reflec-
tor;

In US 2007/0201526, the grating mirror has no waveguide
connected for lateral output and the slow light PBG
mode locates far from the I (gamma) point in the dis-
persion diagram;

In R. Jones et al. (“Grating based hybrid silicon lasers”,
Proceedings of SPIE, vol. 7230, pp 72300U-1), the grat-
ing is used to select a lasing frequency, and does not
function as reflector nor router;

In H. Wu et al. (“Ultra broadband SOI binary blazed grat-
ing mirror”, 5th IEEE International Conference on
Group IV Photonics, pp 299-301), the grating is surface
grating, i.e., the bottom of'the grating is not supported by
a lower refractive index material. Thus, its reflectivity
does not exceed 99% which is insufficient for lasing.

The invention is particularly, but not exclusively, advanta-
geous for providing light to photonic circuits using a hybrid
VCL structure that is hybridised on a silicon platform in a way
that is less sensitive to aligning error than many prior art
solutions. This is advantageous as it provides for an easier and
thereby cheaper alignment during assembly of the different
parts.

The invention is also advantageous as it applies one dimen-
sional (1D) or two dimensional (2D) passive grating and
preferably also a grating waveguide. In the literature, 2D
grating and grating waveguide are often called photonic crys-
tal (PhC) and photonic crystal waveguide (PhCWG), respec-
tively. To avoid confusion, hereafter, PhC and Ph\CWG are
called 2D grating and GWG, respectively.

Hybridising is the act of mixing different species or vari-
eties to produce hybrids. In the present context, it means
connecting, physically and functionally, structures formed in
materials from group III and V in the periodic table of the
elements (hereafter group II1I-V materials) with structures
formed in group IV materials. Similarly, a hybridised struc-
ture is a structure formed in group I1I-V materials connected
to a structure formed in group IV materials, or vice versa. The
connection is typically made by wafer bonding techniques,
and it is preferred that the III-V active region of the partial
VCL structure is wafer-bonded to the silicon-based grating
region. Other connecting techniques also can be utilized if
adequate for the application of interest.

Inthe following, the term hybridised VCL means the struc-
ture obtained when the layered structure comprising the
highly reflective top mirror and the active region (group I1I-V
materials) are connected to the grating region (group [V mate-
rials). The establishment of this connection provides both a
VCL (as the grating region provides the bottom mirror) and a
hybridised structure in accordance with the above definitions.
However, for the sake of ensuring compliance with other well
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established terms in the field, a “hybrid VCL” is also referred
to as a “hybridised VCL structure” with the specification that
this is done using a grating mirror. Within the meaning of the
present description, this has the same meaning.

As the person skilled in the art will understand, the silicon
layer may be several separated silicon layer parts arranged on
a substrate, some parts potentially in different levels. Also, it
will be understood that although silicon is the preferred
method of the current technology, other materials, such as
other type [V-materials, IV material compositions, or high-
refractive-index material, exhibiting similar properties may
substitute silicon in respect of the present invention.

In a second aspect, the invention provides a hybridised
VCL structure comprising:

a layered structure comprising an active region formed in

group III-V materials and a highly reflective top mirror
that is not used as an out-coupling mirror and that has a
reflectivity preferably higher than 99.95%; and

a grating region formed in a silicon layer supported by a
layer with lower refractive index, the grating region
comprising a 1D or 2D periodic refractive index grating
formed by silicon layer parts and regions being formed
in the silicon layer and having refractive indices lower
than the refractive index of the silicon layer;

alayer with refractive index lower than the refractive index
of'the silicon layer provided on top of the grating region
of'the silicon layer;

where the layered structure is arranged on the grating region
so that the periodic refractive index grating establishes a
bottom grating-mirror forming a VCL cavity between the top
mirror and the grating region, the bottom grating-mirror also
facilitating coupling of light in vertical modes of the VCL
cavity to in-plane modes of the grating region, and

a waveguide formed in the silicon layer and arranged to
facilitate coupling of light from the grating region to the
waveguide.

A third aspect relates to the silicon-based substrate with
grating region from the second aspect, but provided alone.
Thus, in a third aspect, the invention provides a silicon-based
grating mirror with a laterally oriented waveguide comprising

asilicon layer being supported by alayer with lower refrac-
tive index;

a grating region comprising a 1D or 2D periodic refractive
index grating formed by silicon layer parts and regions
being formed in the silicon layer that have refractive
indices lower than the refractive index of the silicon
layer;

at least part of the grating region forming a grating-mirror
for reflecting normally incident light and couple nor-
mally incident light to in-plane modes of the grating
region; and

a waveguide formed in the silicon layer and arranged to
facilitate coupling of light from in-plane modes of the
grating region to the waveguide.

Any layer formed on top of the grating region, such as the
low index layer, is transparent for lasing wavelength. For
example, the lasing wavelengths canbe 1.1, 1.3, and 1.55 pm.

During fabrication processing of the device, the reflectivity
of the grating mirror can be adjusted by lithographically
changing the grating design, i.e., thickness, periodicity, air
filling ratio, and pattern shape of the grating, while the lasing
wavelength of the GMVCL may be adjusted by changing the
thickness of a low index layer above the silicon grating.

In a fourth aspect, the partial VCL structure and substrate
with grating region from the second aspect are provided
together as individual, unassembled structures. Hence, in the
third aspect, the invention provides a partial VCL structure as
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described in the second aspect and a silicon layer as described
in the second aspect, but as a kit for assembly instead of a
connected structure.

Additionally or alternatively, the fourth aspect may pro-
vide a layered structure and a silicon layer for receiving the
layered structure;

the layered structure comprising an active region formed in

group I1I-V materials and a highly reflective top mirror
that is not used as an out-coupling mirror and that has a
reflectivity close to 100%, e.g., higher than 99.95%;
the silicon layer being supported by a layer with lower
refractive index and comprising
a grating region comprising a 1D or 2D periodic refrac-
tive index grating formed by silicon layer parts and
regions being formed in the silicon layer and having
refractive indices lower than the refractive index of
the silicon layer; and
a waveguide formed in the silicon layer and arranged to
facilitate coupling of light from the grating region to
the waveguide;
where at least one of the layered structure or the grating
region comprises or involves a structuring that will provide a
layer with refractive index lower than the refractive index of
the silicon layer above the grating region when the layered
structure is arranged on the grating region.

In some embodiments, the GWG in the grating region may
be omitted so that the coupling is directly from the in-plane
PBG mode of the periodic refractive index grating to a
waveguide formed outside the grating region, such as an
index contrast waveguide. This may, however decrease the
coupling efficiency.

Itis preferred that an embodiment of the method comprises
coupling of light from the VCL cavity to in-plane PBG modes
of'the grating region. The hybridised structure thereby serves
the function of efficiently providing light to in-plane grating
modes in a silicon layer, which is advantageous for providing
light to a photonic circuit on a silicon platform.

The coupling to the ICWG may be facilitated through an
intermediate GWG, preferably formed within the grating
region. In this embodiment, it is preferred that an embodiment
of the method further comprises coupling of light from the
in-plane PBG modes of the grating region to waveguide
modes of a GWG formed in the silicon layer, preferably
within the grating region. This arranging may be realised by
ensuring a partial overlap between the GWG and VCL cavity
modes in the bottom grating-mirror appearing when the VCL
emits light and by designing the geometry of GWG so that the
mode dispersion of GWG modes be similar as or adiabati-
cally being transformed to that or those of the PBG modes.

Optimizing the topology of the GWG and connect part of
the GWG and ICWG may be preferred in order to further
decrease the unwanted scattering loss during the mode cou-
pling/routing, increasing the overall routing efficiency.

It is further preferred that definition of an optical gain
region of the VCL is performed after arranging of the partial
VCL structure on the silicon layer. This provides the advan-
tage that the optical gain region can be defined to have the
desired overlap with the periodic refractive index grating after
the assembly, typically performed by wafer bonding, where
they do no more move in relation to each others. This means
that little or no aligning effort is necessary during the assem-
bly. The position of the optical gain region of the VCL
involves defining a current aperture or similar for directing
charge carriers to a delimited part of the active region of the
VCL structure.

The present invention provides a light source for photonic
circuits on a silicon platform in a cheap, compact and efficient
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way. The basic idea of the invention is to form a vertical laser
cavity between a top mirror and a active region based on
standard VCSEL technology, and a bottom mirror being a
refractive index grating-mirror formed in a silicon layer on a
substrate. The grating mirror in the silicon layer is so designed
that the reflection process in the grating mirror includes the
conversion of vertical resonant mode to in-plane PBG modes
of the grating mirror. By providing coupling of the in-plane
PBG modes to an in-plane waveguide, light can be provided
to e.g. in-plane photonic circuits on a SOI/CMOS substrate.
All the fabrication process can be performed using matured
III-V VCSEL technology and silicon technology.

These and other aspects of the invention will be apparent
from the following description with reference to the described
embodiments.

BRIEF DESCRIPTION OF THE FIGURES

Embodiments of the invention will now be described in
more detail with regard to the accompanying figures. The
figures show one way of implementing the present invention
and is not to be construed as being limiting to other possible
embodiments falling within the scope of the attached claim
set.

FIG. 1 is schematic illustrations of a hybridised VCL on a
SOI substrate according to an embodiment of the invention.
FIG. 1A shows the assembled structure in a profile view.
FIGS. 1B, 1C and 1D show the SOI substrate from a top view,
illustrating areas of further optimization and different
embodiments for the waveguide.

FIGS. 2-7 show four different confinement schemes for
optical mode confinement and gain/electrical confinement.

FIG. 8 shows a tunable hybrid VCL according to an
embodiment of the invention.

FIGS. 9-12 schematically illustrate diftferent assembly and
fabrication schemes according to embodiments of the inven-
tion.

FIGS. 13 and 14 show different layouts of grating regions
in accordance with embodiments of the invention.

FIG. 15 is a frame from a dynamic (time-domain) numeri-
cal simulation of an embodiment of the invention.

FIGS. 16A and B show examples of optimization of areas
designated in FIG. 1B.

DETAILED DESCRIPTION OF THE INVENTION

FIGS. 1A and B illustrate a hybridized grating-mirror ver-
tical-cavity laser (VCL) structure as well as a method for
hybridising a grating-mirror vertical-cavity laser (VCL)
structure on a silicon platform, according to preferred
embodiments of the present invention.

First, an assembled structure and operating principles are
described in relation to FIGS. 1A-C. In FIG. 1A, a hybridised
VCL structure 1 is shown, comprising a partial VCL structure
2 and a silicon platform substrate 3.

The partial VCL structure 2 comprises a highly reflective
top mirror 4, here embodied by a distributed Bragg reflector
(DBR) being a stack of alternating layers with different
refractive indices. DBRs are commonly used top mirrors for
VCSEL and their reflectivity can be finely tuned, and can be
formed in I1I-V materials as well as other materials including
Si0,.

For normal VCSELs, the top mirror serves as the out-
coupling mirror, and typically has a reflectivity higher than
99% but lower than the reflectivity of a bottom mirror. In the
present hybrid VCL, the top mirror is not used as an out-
coupling mirror and should therefore be highly reflecting.

5

10

15

20

25

30

40

45

55

60

65

8

Such highly reflective top mirror 4 of the hybrid VCL pref-
erably has a reflectivity larger than 99.5%, such as larger than
99.9%, such as 99.95%. The optimal value of the reflectivity
of top mirror 4 should be determined considering the reflec-
tivity of the grating mirror 12, one pass gain in the quantum
wells (QWs), and the targeted differential quantum efficiency.

The partial VCL structure 2 further comprises an active
region 5 formed in I1I-V materials. The active region 5 can be
formed as any applicable VCSEL active region, and typically
comprises a series of epitaxially grown I1I-V material layers.
A typical design includes upper and lower confinement layers
sandwiching a QW structure 6 consisting of alternating QW
layers (e.g. InAlGaAs or InGaNAs for wavelengths longer
than >1.3 um, and GaAs for 850-nm wavelength) and barri-
ers.

The partial VCL structure 2 can in one embodiment be
provided by a standard VCSEL structure, excluding the bot-
tom mirror and with a highly reflective top mirror.

The embodiment of the hybrid VCL shown in FIG. 1A,
electric contacts 8a and 8b are situated just above and just
below the active region 5. This contact scheme is called
intra-cavity contact. In the intra-cavity contact case, the top
mirror 4 can be undoped. If necessary, the electric contact 8a
can be made on top of the top mirror 4. This contact scheme
is called extra-cavity contact. In the extra-cavity contact case,
the top mirror should be appropriately doped.

Obtaining Optical and Gain Confinements

In the following, a number of possible ways of defining the
position of the optical gain region and the optical mode in the
GMVCL is described in relation to FIGS. 1-7. Elements of the
GMVCL not described are assumed to be similar to those
described above in relation to FIGS. 1A and B.

In the embodiment of the hybrid VCL shown in FIG. 1A,
the optical confinement is provided by a current aperture
formed by proton implantation, so that the optical mode is
defined by the thermal lensing effect. The region 7 implanted
by protons becomes insulating, working as a current aperture
and defining the gain region 101.

In the embodiment of the hybrid VCL shown in FIG. 2, the
gain region 201 is defined by the proton implanted region 202
while the optical mode is defined by the dielectric aperture
203 in the top mirror 4. The dielectric aperture is preferably
formed by oxidation of a layer with high aluminium content.
Thus, a layer with high aluminium content should be pro-
vided to the position where the dielectric aperture is to be
formed when the mirror 4 is prepared.

In the embodiment of the hybrid VCL shown in FIG. 3,
both optical gain region 301 and optical mode are defined by
the dielectric aperture 303, preferably an oxide aperture
formed in the active region. For the formation of dielectric
aperture 303, it is preferred that one of layers between the
upper contact 8¢ and the QW region 6 should have a high
aluminium content for oxidation. The top mirror is an
undoped DBR which can be expitaxially grown with the
active region, wafer-bonded to the active region, or deposited
on top of the active region.

In the embodiment of the hybrid VCL shown in FIG. 4,
both optical gain region 401 and optical mode are defined by
the dielectric aperture 403. The proton implanted region 402
is advantageous for high speed operation.

In the embodiment of the hybrid VCL shown in FIG. 5, the
optical gain region 501 is defined by the tunnel junction 503
while the optical mode being defined by tunnel junction 503
and the thermal lensing effect. In a tunnel junction, highly
n-doped and p-doped thin layers are put together, and the
current flows only through this junction. Optionally, the
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embodiment can have intra-cavity air gaps 507 for further
tuning of the optical confinement.

In the embodiment of the hybrid VCL shown in FIG. 6, the
top mirror is p-doped DBR which is preferably expitaxially
grown with the active region. An oxide aperture (203) is
formed by oxidizing a high aluminium content layer for both
optical and gain confinements. This structure can be realized
with GaAs latticed matched materials.

In the embodiment of the hybrid VCL shown in FIGS. 7A
and B, the optical confinement is provided by vertically-
shifted parts 703 of the DBR and the gain confinement by
proton implanted region 707. The top DBR 4 is deposited
after making shallow intra-cavity air gaps to form the verti-
cally-shifted parts 703. This structure can be realized with InP
or GaAs lattice matched materials. In the case of InP lattice-
matched materials, the P contact layer 709 is preferably
highly absorbing InGaAs. To avoid unwanted absorption, the
central ofthe P contactlayer 709 is preferably removed. In the
case of GaAs lattice-matched materials, this removal is not
required. FIG. 7A shows the hybrid VCL with a low index
oxide layer 15', and 7B with a low index air gap 15" formed
using an oxide spacer layer or mesa 715.

Silicon Platform Substrate and Grating Region

The silicon platform substrate 3 is preferably a silicon-on-
insulator (SOI) substrate consisting of a silicon substrate with
a supporting layer 9 (typically SiO,) topped by a silicon layer
10. Other configurations are possible, but it is preferred that
the silicon layer is supported by a layer with lower refractive
index as is the case here. The silicon platform substrate 3 is
shown alone in a top-view in FIG. 1B-D.

In a preferred embodiment, the SOI substrate also holds
integrated photonic and electric circuitry. Preferably, the pho-
tonic circuitry including grating region 11 is formed using
matured and precise silicon processing technologies such as
complementary metal-oxide-semiconductor (CMOS) pro-
cessing techniques, at the same time the electrical circuitry is
formed using the same technologies.

In the top silicon layer 10 is formed a grating region 11 and
awaveguide 18 or 19. The grating region 11 comprising a 1D
or 2D periodic refractive index grating 12 formed by silicon
layer parts 13 and regions 14 formed in the silicon layer which
have a refractive index lower than the refractive index of the
silicon layer. The regions 14 may be formed by removing the
silicon layer in those regions, e.g. by matured silicon process-
ing techniques, to form holes. The holes can be left empty, or
could potentially be filled with a low-index material if this can
be done without destroying the silicon parts 13. In an alter-
native approach, the regions 14 are formed by other modifi-
cation of these regions of'the silicon layer. The patterning and
periodicity of the parts 13 and regions 14 of the periodic
refractive index grating 12 will be described in more detail
later in relation to FIGS. 13 and 14.

Low Index Layer

As mentioned previously, it is preferred that the silicon
layer 10 is supported by a layer with lower refractive index, in
this case the SiO, layer 9. Similarly, it is preferred that the
layer above the silicon layer 10 also has a lower refractive
index. It is preferred to sandwich the grating region 11
between layers of lower refractive indices for gaining a high
reflectivity from the grating region 11.

For this purpose, a gap 15 between the silicon layer 10 and
the partial VCL structure 2 is filled by material having a lower
refractive index than silicon. In the embodiment shown in
FIG. 1A and FIG. 9D, such low index gap is provided by an
oxide layer 15'. The oxide layer 15' is preferably provided on
the partial VCL structure 2 prior to assembly, as shown in
FIG. 9A. FIGS. 9B and 9C show the front and right cross-
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sectional profile of bonded wafers, respectively. In the
embodiment shown in FIG. 10D, the GMVCL involves a
structuring that forms an air gap 15" above the grating region
11. Here, the structuring can be mesas 25 surrounding the
grating region. As shown in FIG. 10A, the mesa 25 is prefer-
ably provided on the silicon layer 10 prior to assembly in
order to avoid aligning during the wafer bonding. FIGS. 10B
and 10C show the front and right cross-sectional profile of
bonded wafer, respectively. In order to avoid evanescent cou-
pling, the thickness of oxide layer 15' or air gap 15" preferably
has a minimum thickness of A/2n__ . where A is the lasing

gap?
wavelength of interestand n,, , is the refractive index of oxide

layer 15' or air gap 15". For tyi)ical applications with A=1550
nm, this minimum thickness is about 500 nm for the oxide
layer 15' and about 780 nm for the air gap 15".

By varying the thickness of oxide layer 15' or air gap 15",
the effective cavity length d,, of the VCL cavity can be
changed. This leads to the change of lasing wavelength A that
is determined by the following relation:

271 ofy gy
A

Grop + + ¢grr = 27N, N = integer

Here, ¢,,, and ¢,,,, are reflection phase shift from the top
mirror and the bottom grating mirror. The n,, is effective
refractive index of the VCL cavity. Thus, the lasing wave-
length A can be feasibly chosen during processing, which
makes the hybrid VCL adequate for multi-wavelength source.
Grating Mirror and Waveguide

The periodic refractive index grating 12 surrounded by
lower index layers 9 and 15 establishes a high index contrast
grating-mirror which functions as a bottom mirror for the
hybrid VCL, and a VCL cavity is thereby formed between the
periodic refractive index grating 12 and the top mirror 4.

The regions 14 are preferably larger than the lateral exten-
sion of the vertically-resonant mode 16 to provide high reflec-
tivity. The thickness of the periodic refractive index grating
12 can be that of the silicon layer 10, but may also be made
smaller by selective etching of the grating region 11. The
preferred values of key designing parameters of the grating
mirror such as thickness, periodicity, and air filling ratio are
described later.

The supporting layer 9, here SiO,, serves to vertically
confine light to the grating region 11 and therefore preferably
has a lower refractive index. To avoid undesirable evanescent
coupling to silicon substrate, the supporting layer preferably
has a minimum thickness of A/2n,,,,, where n,  is the
refractive index of the supporting layer. For typical applica-
tions at A=1550 nm and with the supporting layer being SiO,,
this minimum thickness will be around 500 nm.

The origin of the high reflection of the bottom grating
mirror is explained in terms of the modes involved. The
involved modes are schematically drawn in FIGS. 1A and 1B.
First, the VCL cavity supports a vertically resonant mode
symbolised by arrow-loop 16. Arrow 17 symbolises a later-
ally-propagating slow light mode of the grating. This slow
light mode is an Eigen mode of the periodic refractive index
grating 12. The light in the mode 16 is diffracted when inci-
dent to the grating; the part of diffracted light is coupled to the
mode 17; the light in the mode 17 is coupled back to the mode
16. This coupling process may bring resonance, leading to a
high reflectivity. The number of modes 17 involved in the
coupling can be one or plural, depending on the design. No
coupling loss is expected provided that the whole grating
region is exactly periodic.
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The hybridised structure as described above serves the
function of efficiently providing light in in-plane modes on a
silicon platform. Below coupling the light in the slow light
mode 17 to the laterally oriented out-coupling waveguide,
and further to photonic circuitry or similar in the silicon
platform, is described.

In a preferred embodiment illustrated in FIG. 1, light is
coupled to an index contrast waveguide (ICWG) 19 formed in
the silicon layer 10 to be connected to the grating region 11,
preferably through an intermediate grating waveguide
(GWG) 18 formed within the grating region 11 as shown in
FIG. 1B. In the alternative, the light is coupled directly to an
ICWG 19 formed to be connected to the grating region as
illustrated in FIG. 1C. In another alternative light is coupled
only to a GWG 18 formed within the grating region 11 as
illustrated in FIG. 1D.

The GWG 18 can be constituted by a line defect in the
periodic refractive index grating 12 of the grating region 11
and supports a laterally-propagating GWG mode 20 as shown
in FIGS. 1A and 1B. The GWG 18 should be arranged to have
some overlap with the lateral extension of the vertically-
resonant mode 16 determined by the active region 101 as
illustrated by the circle 16a in FIG. 1B. Then, a part of light
can be extracted from the PBG mode 17 to the GWG mode 20.
The shape of GWG 18 can be optimized for efficient extrac-
tion. This issue will be described further later in relation to
FIG. 16.

The ICWG 19 is preferably a ridge waveguide formed
outside the grating region by removing parts of the silicon
layer by photolithography and etching. The ICWG 19 sup-
ports laterally-propagating ICWG mode 21 and is arranged to
abut grating region atthe end ofthe GWG 18. Then, the GWG
mode 20 from the GWG 18 converts to ICWG mode 21. The
ICWG 19 can connect to and form part of photonic circuitry
on the silicon platform. The connecting part between the
GWG 18 and the ICWG 19 can be can be optimized for better
conversion efficiency. This issue will be described further in
relation to FIG. 16.

Building Blocks

In summary, the building blocks of the hybrid VCL 1 can in
preferred embodiments comprise:

a top part being a partial VCL structure 2 with

A top mirror 4. The top mirror can be a multi layer mirror
so called distributed Bragg mirror (DBR), or a single
layer grating mirror. They can be epitaxially grown on
top of the active region, wafer-bonded to the active
region, or deposited on top of the active region.

An active region 5. The active region can be InP or GaAs
lattice matched materials. Other III-V semiconduc-
tors can be employed depending on the purpose of
applications.

Means for optical confinement. Optical confinement can
be obtained in various ways such as vertically shifted
DBR, oxide aperture, and thermal lensing as
described in relation to FIGS. 1-7.

Means for gain confinement. Gain confinement can be
obtained in several ways such as proton implantation,
oxide aperture, and tunnel junction as described in
relation to FIGS. 1-7.

A low index gap 15. The low index gap can be oxide (or

other low index material) or air.

When the gap is an oxide layer 15', it is preferable that the
oxide gap is deposited to the active before bonding, as illus-
trated in FIG. 11A. In the case of air gap 15", it is preferable
that a spacer layer is deposited to the SOI before making the
grating pattern, as illustrated in FIG. 11A.
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a silicon platform substrate 3, such as a SOl substrate, with
a grating region 11 forming
a silicon-based grating mirror 12, and
a laterally out-coupling grating waveguide 18,

Metal contacts. The metal contacts can be P and N contacts
or N and N contacts, depending on the gain confinement
apparatus. For example, when the implantation or oxide
aperture is employed for the gain confinement, P and N
contacts should be used. In the case of tunnel junction, N
and N contacts should be used. Depending on designs,
the top contact can be formed on top of the top mirror
(extra-cavity contact scheme) or on top of the active
(intra-cavity contact). In tunable lasers, an extra tuning
contact is required, as illustrated in FIG. 8. Optionally,
the metal contacts are formed on highly doped contact
layers. When the active consists of InP-lattice matched
material and the P metal contact is required, the P con-
tact layer is preferably highly absorbing InGaAs. Thus,
part of this layer (107) needs to be removed to avoid
unwanted absorption, as illustrated in FIGS. 7A and B
and 11D.

The various embodiments illustrate different ways in
which these building blocks can be combined. However, the
described designs are not limited to these embodiments, but
any other combinations are possible as long as they can be
hybridised with a silicon-based grating mirror with a laterally
oriented waveguide for out-coupling purposes.

In the embodiment shown in FIG. 8, the hybrid VCL is a
tunable hybrid laser. The top grating mirror (806) can be
movable by using electrostatic force (described in more detail
in Optics Express 15, 1222 (2007)), piezoelectric force (de-
scribed in more detail in IEEE J. Selected Topics in Quant.
Electron. 13, 374 (2007)), or thermally-induced strain (de-
scribed in more detail in IEEE Photon. Technol. Lett. 18, 688
(2006)) by applying voltage or current through a tuning con-
tact 809. The movable top grating mirror can be replaced with
a DBR or a mixture of grating and DBR. As the thickness of
the tuning air gap changes, the emission wavelength of laser
also can be varied.

Fabrication

In the following, different embodiments of fabricating the
hybridised VCLs according to some of the embodiments pre-
sented earlier will be described. First, a typical fabrication of
the hybridised VCL structure 1 is described in relation to FI1G.
2.

As the partial VCL structure 2 is based on matured VCSEL
technology, the fabrication of the partial VCL structure 2 as
described in the above is considered within the realms of the
person skilled in the art of VCSEL fabrication. Similarly, the
fabrication of the grating region 11 in the silicon platform
substrate 3 is based on matured, precise, and cheap standard
silicon processing technologies, which will typically be done
simultaneously with the fabrication of electrical circuitry on
the same silicon platform substrate 3.

The partial VCL structure 2 is arranged on the silicon
platform substrate 3 so that there is an overlap between trans-
versal optical mode confinement in the GMVCL (defined by
vertically-shifted DBR region 703, by the dielectric aperture,
by the thermal lensing effect, or by the lateral extension of the
top mirror 4) and the grating region 11.

In most of embodiments of hybrid VCL structure, arrang-
ing the partial VCL epi structure 2' in FIG. 9A onto the silicon
platform substrate 3 does not involve any significant aligning
effort. No need of aligning for wafer bonding enables the
mass production of hybrid VCL at a low fabrication cost. This
feature is described in detail with embodiments of hybrid
VCL structure shown in FIGS. 1-7.
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In the embodiment of hybrid VCL structure shown in FIG.
1A, the proton implantation is performed during the typical
processing of hybrid VCL after the wafer bonding, as
described in FIG. 9. The position of proton implanted region
202 can be defined to be in alignment with both the grating
region 11 and the GWG 18. Thus, no aligning effort is nec-
essary for the wafer bonding.

In the embodiment of hybrid VCL structure shown in FIG.
2, the proton implantation and oxidation is performed during
the typical processing of hybridised VCL after the wafer
bonding. The positions of proton implanted region 202 and
dielectric aperture 203 can be defined to be in alignment with
both the grating region 11 and GWG 18. Thus, no aligning
effort is required for the wafer bonding.

In the embodiment of hybrid VCL structure shown in FIG.
3, the dielectric aperture is formed using oxidation during the
typical processing of hybridised GMVCL after the wafer
bonding. The position of dielectric aperture 303 can be
defined to be in alignment with both the grating region 11 and
the GWG 1. Thus, no aligning effort is required for the wafer
bonding.

In the embodiment of hybrid VCL structure shown in FIG.
4, the proton implantation and the oxidation for the dielectric
aperture 403 is performed during the typical processing of
hybridised VCL after the wafer bonding. The positions of
proton implanted region 402 and the dielectric aperture 403
can be defined to be in alignment with both the grating region
11 and GWG 18. Thus, no aligning effort is required for the
wafer bonding.

In the embodiment of hybrid VCL structure shown in FIG.
5, the tunnel junction 503 is formed by re-growth technique
during epitaxial growth of the partial VCL epi structure 2'.
Aligning the tunnel junction 503 with the grating region 11
and GWG 18 is necessary when bonding the partial VCL epi
structure 2' and silicon platform substrate 3.

The following describes the fabrication of the hybrid VCLs
described in relation to FIGS. 7A and B. The fabrication
methods described here can be applied, or modified to be
applicable to, the other embodiments described in relation to
FIGS. 1-8 by the person skilled in the art.

A fabrication flow for the hybrid VCL of FIG. 7A is illus-
trated in FIGS. 11A-E. As illustrated in FIG. 11A, the active
region 5 with an oxide gap 15' deposited and the silicon-based
grating mirror 12 with a waveguide 18, are separately pre-
pared. Then, they are wafer-bonded, as shown in FIG. 11B.
For gain confinement, proton implanted regions 707 are
formed as shown in FIG. 11C. Then, mesas are defined, the
central part of the highly absorbing P contact layer 709 is
removed, shallow trenches 704 for the formation of verti-
cally-shifted DBR are etched, and metal contacts 708 are
formed, as shown in FIG. 11D. Then, a top DBR is deposited,
as shown in FIG. 11E. No alignment is required in wafer
bonding level. All other aligning precision is determined by
photolithography resolution that is sufficient for most of
applications.

FIGS. 12A and B show part of a fabrication flow for the
hybrid VCL of FIG. 7B. The flow is similar to the one
described in FIG. 11 A-E, except that no low index oxide layer
is deposited on the active region 5, but instead a mesa 715 is
formed on the substrate 3 to produce low index air gap 15"
(12B).

The Grating Region—Properties and Simulation

Different 1D, 2D, and modified 2D patterns of the periodic
refractive index grating 12 of the grating region 11 are shown
in FIGS. 1B, 13 and 14. In all three cases, the pattern should
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be periodic to have Eigen modes. As shown in FIG. 14, the
shape of a single pattern might be made looking odd if nec-
essary.

From ideal design point of view, the important thing is
which pattern gives desirable PBG mode dispersion and the
resultant mirror characteristics. From fabrication point of
view, the mechanical stability of thin grating layer structure,
the fabrication feasibility, and fabrication cost need to be
considered to choose the pattern.

The periodicity, thickness, refractive index, and air filling
ratio of grating mirror determines the dispersion of PBG
modes of the grating mirror layer. In the following, possible
ranges of the aforementioned design parameters of grating
mirror are listed. Any other value can be also used if it leads
to desirable Eigen mode dispersion.

The periodicity of grating pattern, either 1D or 2D, ranges
from 0.4).to 0.8\ where A is the lasing wavelength of interest.

The optical thickness of a grating layer can ranges from
0.6\ to 1.6A. The optical thickness of a layer is defined as the
physical thickness of the layer multiplied by the refractive
index of the layer.

The air filling ratio ranges from 20% to 70%. The air filling
ratio is defined as a fraction of air (or other low index mate-
rial) area 14 among the area of one grating period (13+14).

A numerical simulation of the function of an embodiment
of'the present invention was performed. FIG. 15 shows a time
frame from this dynamic simulation, where white and black
indicate high and low electromagnetic (EM) field intensities,
respectively. The design of the simulated device was similar
to that shown in FIG. 3, and FIG. 15 also indicates approxi-
mate positions of the partial VCL structure 2, the grating
region 11 and the ICWG 19 in the silicon layer.

As can be seen, there is a reasonable coupling from the
vertical lasing modes (16 in FIG. 1A) to the ICWG modes (21
in FIG. 1A).

As mentioned previously, the extraction of light from the
PBG mode 17 in periodic grating region 12 to GWG mode 20
in GWG 18 can be further optimized to reduce undesirable
coupling loss. The connecting part 28 in FIG. 1B can be
topologically optimized to minimize the scattering loss due to
the breaking of periodicity of grating. The shape of GWG 18
can be optimized so that the dispersion of GWG mode 20
should be similar as that of PBG mode 17 for better mode
matching. The efficiency of mode conversion from GWG
mode 20 in GWG 18 to ICWG mode 21 in ICWG 19 also can
be maximized by topologically optimizing the connecting
part 30 in FIG. 1B or C. A schematic example of topological
optimization is shown in FIG. 16. FIGS. 16 A and 16B shows
the connecting part 30 before and after the optimization,
respectively.

Examples of such topology optimization is described in
e.g. L. Yang, et al., Electronic Letters, 13, p. 923 (2007),
where 5 dB improvement in transmission is reported.

Although the present invention has been described in con-
nection with the specified embodiments, it should not be
construed as being in any way limited to the presented
examples. The scope of the present invention is to be inter-
preted in the light of the accompanying claim set. In the
context of the claims, the terms “comprising” or “comprises”
do not exclude other possible elements or steps. Also, the
mentioning of references such as “a” or “an” etc. should not
be construed as excluding a plurality. The use of reference
signs in the claims with respect to elements indicated in the
figures shall also not be construed as limiting the scope of the
invention. Furthermore, individual features mentioned in dif-
ferent claims, may possibly be advantageously combined,
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and the mentioning of these features in different claims does
not exclude that a combination of features is not possible and
advantageous.
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The invention claimed is:
1. A method for hybridizing a vertical-cavity laser (VCL)
structure on a silicon platform using a bottom grating-minor
in the silicon platform, the method comprising:
providing a layered structure comprising an active region
formed in III-V materials and a highly reflective top
mirror that is not used as an out-coupling mirror and that
has a reflectivity larger than 99.5%;

forming a grating region in a silicon layer supported by a
supporting layer with lower refractive index, the grating
region comprising a one-dimensional (1D) or two-di-
mensional (2D) periodic refractive index grating formed
by silicon layer parts and regions being formed in the
silicon layer and having refractive indices lower than the
refractive index of the silicon layer;
forming a waveguide in the silicon layer of the grating
region with an end face formed within or abutting the
grating region to facilitate lateral out-coupling of light
from the grating region to the waveguide; and

arranging the layered structure on the grating region, com-
prising providing a layer with refractive index lower
than the refractive index of the silicon layer between the
layered structure and the grating region, whereby the
periodic refractive index grating establishes a bottom
grating-minor to form a VCL cavity between the top
minor and the grating region, and wherein the bottom
grating-minor has a reflectivity greater than 99%,
wherein the supporting layer has a refractive index n,,,,,,,
and a thickness of at least A/2n,,,, , to vertically confine
light to the grating region and to avoid undesirable eva-
nescent coupling to lower layers.

2. A method according to claim 1, further comprising ini-
tiating lasing in the VCL and coupling of light from the VCL
cavity to lateral modes of the grating region.

3. A method according to claim 2, wherein the end part of
the waveguide formed in the silicon layer comprises a grating
waveguide (GWGQG) formed within the grating region, the
method further comprising coupling of light from the lateral
modes of the grating region to guided modes of the GWG.

4. A method according to claim 2, wherein the waveguide
formed in the silicon layer comprises an integrated planar
index contrast waveguide (ICWG) formed outside the grating
region, the method further comprising coupling of light from
the grating region to guided modes of the ICWG.
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5. A method according to claim 1, wherein an effective
cavity length d_, of the VCL cavity and there by the lasing
wavelength A is controlled by controlling a thickness of the
lower index layer between the layered structure and the grat-
ing region.

6. A method according to claim 1, wherein a position of an
optical gain region of the VCL is defined after the layered
structure is arranged on the grating region.

7. A hybridized vertical-cavity laser (VCL) structure com-
prising:

a layered structure comprising an active region formed in

group I1I-V materials and a highly reflective top mirror
that is not used as an out-coupling minor and that has a
reflectivity larger than 99.5%; and

a grating region formed in a silicon layer supported by a
supporting layer with lower refractive index, the grating
region comprising a 1D or 2D periodic refractive index
grating formed by silicon layer parts and regions being
formed in the silicon layer and having refractive indices
lower than the refractive index of the silicon layer;

a layer with refractive index lower than the refractive index
of the silicon layer provided on top of the grating region
of the silicon layer;

where the layered structure is arranged on the grating
region so that the periodic refractive index grating estab-
lishes a bottom grating-mirror forming a VCL cavity
between the top minor and the grating region, the bottom
grating-mirror having a reflectivity greater than 99%,
the bottom grating-mirror also facilitating coupling of
light in modes of the VCL cavity to in-plane modes of
the grating region, wherein the supporting layer has a
refractive index n,,,,,, and a thickness of at least /2, ,
to vertically confine light to the grating region and to
avoid undesirable evanescent coupling to lower layers,
and

a waveguide formed in the silicon layer of the grating
region and having an end face formed within or abutting
the grating region to facilitate coupling of light from the
grating region to the waveguide.

8. The hybridised VCL structure according to claim 7,
wherein the lower index layer between the layered structure
and the grating region is an oxide layer formed on the layered
structure.

9. The hybridized VCL structure according to claim 7,
wherein the lower index layer between the layered structure
and the grating region comprises air, and wherein the layered
structure comprises one or more mesas resulting in an air gap
when the layered structure is arranged on the grating region.

10. The hybridised VCL structure according to claim 7,
wherein the end part of the waveguide formed in the silicon
layer comprises a grating waveguide (GWG) formed within
the grating region, the GWG being arranged to facilitate
coupling of light from the grating region to the GWG.

11. The hybridized VCL structure according to claim 10,
wherein a connecting part of the GWG is topologically opti-
mized to reduce scattering losses.

12. The hybridized VCL structure according to claim 10,
wherein the GWG is shaped to match dispersion of modes in
the GWG to modes in the periodic refractive index grating.

13. The hybridized VCL structure according to claim 7,
wherein the waveguide formed in the silicon layer comprises
an integrated planar index contrast waveguide (ICWG)
formed in the silicon layer outside the grating region and
arranged to facilitate coupling of light from the grating region
to the ICWG.



US 9,184,562 B2

17

14. A silicon-based grating mirror with a laterally oriented

waveguide comprising

a silicon layer being supported by a supporting layer with
lower refractive index;

a grating region comprising a 1D or 2D periodic refractive
index grating formed by silicon layer parts and regions
being formed in the silicon layer that have refractive
indices lower than the refractive index of the silicon
layer;

at least part of the grating region forming a grating-mirror
for reflecting normally incident light with a reflectivity
greater than 99% and couple normally incident light to
in-plane modes of the grating region, wherein the sup-
porting layer has a refractive index n,, , and a thickness
of at least A/2n,,,,, to vertically confine light to the grat-
ing region and to avoid undesirable evanescent coupling
to lower layers; and

a waveguide formed in the silicon layer of the grating
region and having an end face formed within or abutting
the grating region to facilitate coupling of light from
in-plane modes of the grating region to the waveguide.

15. A layered structure and a silicon platform substrate for

receiving the layered structure;

the layered structure comprising an active region formed in
group III-V materials and a highly reflective top mirror
that is not used as an out-coupling mirror and that has a
reflectivity larger than 99.5%;

the silicon platform substrate being supported by a sup-
porting layer with lower refractive index and comprising
a grating region comprising a 1D or 2D periodic refrac-

tive index grating formed by silicon layer parts and
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regions being formed in a silicon layer and having
refractive indices lower than the refractive index of
the silicon layer; and

a waveguide formed in the silicon layer of the grating
region and having an end face formed within or abut-
ting the grating region to facilitate coupling of light
from the grating region to the waveguide;

where at least one of the layered structure or the grating

region comprises or involves a structuring that will pro-
vide a layer with refractive index lower than the refrac-
tive index of the silicon layer above the grating region
when the layered structure is arranged on the grating
region, such that the periodic refractive index grating
establishes a bottom grating-mirror to form a vertical-
cavity laser (VCL) cavity between the top minor and the
grating region, and wherein the bottom grating-minor
has a reflectivity greater than 99%, wherein the support-
ing layer has a refractive index n,,,,,, and a thickness of at
least A2n,,,,, to vertically confine light to the grating
region and to avoid undesirable evanescent coupling to
lower layers.

16. The method according to claim 1, wherein the bottom
grating-minor has a reflectivity larger than about 99.5%.

17. The hybridized VCL structure according to claim 7,
wherein the bottom grating-minor has a reflectivity larger
than about 99.5%.

18. The grating-mirror according to claim 14, having a
reflectivity larger than about 99.5%.

19. The layered structure and silicon platform substrate
according to claim 15, wherein the bottom grating-mirror has
a reflectivity larger than 99.5%.
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